A sample of 2209 white South African gold miners aged 45-54 between 1968-71, who started mining exposure during 1936-43, was investigated from 1968 -71 to 30 December 1986 The effect of silica dust and tobacco smoking on mortality from chronic obstructive lung disease (COLD) was assessed. The relative risk (RR) for dust exposure before 1950 was estimated as 2 5 (95% confidence interval (CI) 1 5-4 2), for 10 units of 1000 particle-years. The combined effect of dust exposure before 1950 and years of cigarette smoking on mortality from COLD was best estimated by the multiplicative model, indicating that the two exposures act synergistically. All those that died of the disease were smokers. According to the estimates of attributable risk about 5% of the deaths from COLD were from the effect of dust, 34% were from smoking, and 59% were from the combined effect of dust and smoking. In conclusion, the results indicate that workers exposed to silica dust who smoke are at higher risk of dying from COLD than smokers not exposed to silica dust, as the two exposures act synergistically in causing COLD.
dust, 34% were from smoking, and 59% were from the combined effect of dust and smoking. In conclusion, the results indicate that workers exposed to silica dust who smoke are at higher risk of dying from COLD than smokers not exposed to silica dust, as the two exposures act synergistically in causing COLD.
South African gold miners are exposed to dust with a high concentration of crystalline silica. About 600o of the virgin rock is silica and about 300o free silica is present in the respirable dust.' The average concentrations of respirable silica representative of the gold mining industry range from 0 05 to 0-84 mg/m3 for underground air.2 Tobacco smoking is also highly prevalent among the gold miners; about 70% of the white miners were current smokers. 34 The epidemiological and experimental evidence supports the hypothesis that both exposuresnamely silica dust and tobacco smoking-increase the prevalence of respiratory impairments.47 A question then arises as to whether the impairment in lung function associated with exposure to silica dust leads to increased mortality from COLD, and what is the relative contribution of dust and tobacco smoking to it.
In a previous study of mortality in middle aged South African gold miners a standardised mortality ratio (SMR) of 166 (950o confidence interval (CI) 108-243) and a relative risk (RR) of 2-48 per 10 000 particle-years (p < 0 03) were reported for death from COLD. 8 The objective of this study was to examine the individual and combined effects of exposure to gold mining dust and tobacco smoking on mortality from COLD. The questions asked were: (1) Is exposure to silica dust related to mortality from COLD? (2) What is the shape of the dose response curve? (3) Is the combined effect of silica dust and smoking additive or synergistic? (4) What is the relative contribution of silica dust and tobacco smoking to the risk of death from COLD?
Materials and methods

STUDY SUBJECTS
All the white gold miners who were included in a 1968-71 study of COLD4 were followed up to 30
December 1986 when their vital state was established. The study subjects consisted of miners attending the Medical Bureau for Occupational Diseases (MBOD) during the four years 1968-71 for a medical examination and who fulfilled the following criteria: (1) MBOD number within the range B9000 to C8999; (2) age 45-54; (3) minimal underground service 10 years; (4) at least 20 years residence in South Africa; (5) less than two years service in mines other than gold mines. An annual medical examination is compulsory for all miners working in dusty occupations. Miners who retired but attended the medical examination because they were seeking compensation were also included in the selection procedure.4
The vital state of the cohort was established from the records of the Provident Fund (gold miners' pension fund), from medical files, and from the Department of Interior. A list of names and dates of birth of all the 2209 miners was sent to the Provident Fund and to the Department of Interior, where the miners' vital state was established. The copies of the death registration certificates were obtained from the Department of Interior. Of the 945 miners who died during the follow up period, 794 (84 00%) had had necropsy examinations performed at the National Center for Occupational Health (NCOH). Medical files were available on all of the dead miners. The cause of death was established from the best available information by an experienced specialist physician who was not aware of the purpose of the study and did not consider the exposure to dust or smoking habits when making the diagnosis. The 9th revision of the International Classification of Diseases (ICD) code was used, and COLD was coded as present when the person evidently died ofbronchitis (ICD = 491, n = 1), emphysema (ICD = 492, n = 15), or chronic airways obstruction (ICD = 496, n. = 50).
MINING EXPOSURE
The occupations were classified on the basis of measured dust counts into 11 groups for which the average respirable dust count was calculated.9 For every miner the number of shifts worked in each occupation was weighted by the mean dust count (expressed in respirable dust) for that occupational group. The cumulative dust counts were calculated to the end of the follow up period and converted into particle-years. Also, the original coding of the dust exposures was done in such a way that exposure for each decade-namely, the 1940s, 50s, 60s, and 70s-could be calculated. SMOKING was CD40 (XLR = 5 9; df = 1; p = 0-015) and this variable was used to assess the combined effect of dust and smoking. It was noted that the log likelihood ratio for dust did not change by inclusion of smoking into the model, and vice versa. As expected, the cases had significantly higher consumption of tobacco than the referents. In a preliminary analysis of the case-referent data, all the variables available on smoking were related to mortality from COLD by means of the stepwise logistic regression model. The smoking variables found to be most strongly related to death from COLD were years of cigarette smoking (CYSM), the categorised smoking variable (SMOKEC), cigarette equivalent pack-years (this includes pipe smoking), and cigarette pack-years, in that order. The above smoking variables were then included individually in a logistic model in which the effect of dust was adjusted and the best predictor for smoking was selected according to the goodness offit criteria. As the model with years of cigarette smoking had the highest log likelihood ratio, this variable was used in the analysis of the combined effect. The years of smoking and the categorised smoking variable (SMOKEC) take into account whether a person stopped smoking or not, and this may be the reason why these variables were more strongly related to death from COLD than cigarette or cigarette equivalent pack-years. Table 2 shows the two way frequency distribution of the cases and referents for categorised particleyears/1000 up to 1949 (CD40C) (<5, 5-9, 10-14, ) 15), and categorised years of cigarette smoking (CYSMC) (<10, 10-19, 20-29, 30) . The mean values given in table 2 for each range were used to estimate the shape of the dose response curve.'8 The marginal observed odds ratios (ORs) displayed a significant increasing trend for dust particle-years (Zx' = 8-9, p = 0 003) and for cigarette years of smoking (Z(l = 22-2, p < 0-0001). The age adjusted marginal ORs, estimated from the conditional ligistic regression by means of (0,1) indicator variables, also confirmed a significant dose response relation between death from COLD and the individual exposure variables.
The estimated ORs have a large error attached, and consequently the models applied in order to assess the shape of the dose response curve (equation (1) with only one exposure variable) fitted equally well. For CD40C the maximum log likelihood displayed an insignificant change when ;. changed from 0 to 1 -0; nevertheless, the model with i =0 fitted the data better than the model with . = 1, suggesting a linear relation. For the continuous particle-years (CD40), the multiplicative model gave a better fit, but again the change in the log likelihood was insignificant, suggesting that for all practical purposes the linear and exponential models fitted equally well. For the categorised years of cigarette smoking (CYSMC) and the continuous variable (CYSM), the best fits were obtained with i. = 0 50 and). = 0-51. For both variable types, the model with A = 0 5 gave the best fit, but the likelihood ratio test of ,=0 v = 1 was not statistically significant. Table 2 shows the risk of dying from COLD for those exposed to various combinations of dust and smoking relative to those exposed to the lowest dust and smoking level, as estimated by the OR. The calculation was complicated by the zero value in the lowest exposure cell, and thus 0-5 was added to each frequency number. Only one subject died of COLD among those who had smoked cigarettes for less than 10 years, and thus there was no trend with dust for that smoking category; an increasing trend with dust for all the other smoking categories occurred, especially for those miners who smoked for 20 or more years. On inspection of the medical file, it was found that the miner who died of COLD and was coded as smoking for less than 10 years was in fact a pipe smoker for 32 years and consumed on average four ounces of tobacco a week; according to the medical file and questionnaire on smoking he did not smoke cigarettes. The trend in the OR indicates a synergistic effect. The ORs in the two highest categories for dust and smoking had higher values than would be expected from merely adding the individual effects-for example, 21 > 8-5 + 1 3-1 and 12-5 > 3-3 + 1 3-1.
The synergistic effect appears to be present for dust categories with more than 10 000 particle-years and for those who smoked cigarettes for more than 20 years. The combined effects of dust and smoking were assessed by fitting equation (1) as exp(0-0926, SE 0-0254) = 1-097 (95%o CI, 1-044-1 153) for a unit of 1000 particle-years. Thus a person with exposure of 10 000 particle-years during the 1940s has a 2-5 times higher risk of dying from COLD than the person with the lowest dust exposure; for a person with 20 000 particle-years the risk is 6-4 times higher. This probably applies to smokers only, however, as all the cases were smokers for 10 years or more.
The combined effect of dust and smoking was assessed using equation (2) . Table 4 shows th-e predicted numbers of deaths from the models with different values of the parameter i*. The deviance statistic indicates that the model with ;. values ranging from 0-6 to 1-0 fit the data well. by the combined exposure 590% (980%`-34%-5%).
Discussion
The epidemiological evidence for the effect of gold mining exposure on mortality from COLD is rather inconclusive. Studies on mortality of cohorts exposed to silica have consistently shown increased mortality from non-malignant respiratory disease, largely accounted for by silicosis.7 Davis et al2' did not find an excess mortality from bronchitis in Vermont granite workers. Finkelstein et al22 found non-malignant respiratory disease (8th revision ICD 460-519) to be the most frequent cause of death, with SMR over 600, among Ontario miners receiving compensation for silicosis. In a mortality study of Western Australian gold miners, the overall death rate from non-malignant respiratory disease was slightly less than expected but the death rate from silicosis was high. 23 In a previous study of mortality in middle aged South African gold miners,8 a cohort of 3971 white miners, born between 1 January 1916 and 31 December 1930, who were alive on 1 January 1970 and currently working on the gold mines, was followed up to December 1978. Standardised mortality ratios were calculated using as a reference population the total white male population of the Republic of South Africa. Increased SMR for lung cancer (161 2), chronic respiratory diseases (165 6), and acute and chronic nephritis (381 -0) were reported. Of the 530 deaths found, 29 (5-5%) miners had died of chronic respiratory diseases, which included bronchitis, emphysema, and pulmonary heart disease, coded according to best available information drawn from the death certificates, MBOD medical files, and necropsy findings. The RR for chronic respiratory diseases estimated from a nested casereferent study was 2 48 per unit of 10 000 particleyears (p < 0 03).
In the present mortality study, 945 (43%) of the gold miners died during the follow up period from 1968-71 to 30 December 1986 at an average age of 60-1 years. The miners who died had significantly higher tobacco consumption measured by cigarette equivalent pack-years (p < 0-0001), and lower results in tests of lung function (FEV1, FVC, FEF2575'; p < 0-001 for all three tests) at the start of the follow up than the miners who survived. Those that died of COLD, however, had, in comparison to other main groups of causes of death, the lowest average values for the three tests of lung function. This suggests that for the other causes of death the lower lung function may have been a contributory factor, whereas for the COLD deaths, loss of lung function was a main cause of death. Dust particleyears were also significantly related to mortality from all causes; thus the effect of combined exposure on mortality from all causes may also be an important factor to consider. Nine miners died of pulmonary tuberculosis and they were found to have the highest exposure to dust; no miner died of pneumoconiosis.
The results from the present analysis show a statistically significant dose response relation between death from COLD and gold mining dust particle-years, after adjustment for smoking. The exposure to dust during the 1940s was most strongly related to death from COLD. These results are in agreement with the findings from the case-referent study of emphysema, identified by necropsy in South African white gold miners.5 In that study the number of shifts worked in high dust before 1950 was most strongly related to the presence of emphysema at necropsy in men 50-70 years old who died during 1981. The authors suggested that the heavy exposure in early adulthood may be most important to the subsequent development of emphysema. The same phenomenon was seen in asbestos workers-namely that asbestos exposure received early in a man's working career was a more important determinant of subsequent air flow limitation than later exposure.24
The other possibility, which may have an effect on the results of this study, is that the concentrations of dust in the 1940s were still relatively high in comparison with those found later, even though the concentrations in the 1940s were reportedly equal to present values.2 Becklake et al5 have also observed that those who had emphysema at death were slightly taller but weighed less when they entered the mining industry than those who did not develop emphysema. This finding was not confirmed by our study, where the COLD cases and referents were approximately the same height and weight at 20 years of age (70 kg). The subsequent five yearly increase in weight was, however, systematically higher in the referents than in the cases.
In an attempt to find out whether the cases were of a slimmer build than the referents, the radiograms taken in 1960 and 1970 were measured blindly by an independent person. The findings indicated statistically significant differences in all the measurements of lung height (cm). The cases had significantly longer lungs in 1960 (24-5, standard deviation (SD 1-9), and in 1970 (25-2 SD, 2-1) in comparison with the referents (22 6, SD 2 4 and 22 6, SD, 2 3). The height of the lung increased significantly for the cases but remained unchanged for the referents. The left and right lungs gave the same results. This indicates that by 1960 the lungs ofthe cases had already started to expand as a consequence of emphysema, and continued to do so in the 1970s; this corresponded with their increased disability and retirement from dusty occupations during the late 1960s and 1970s.
The RR for cumulative dust particle-years before 1950, standardised for years of cigarette smoking and age estimated from the case-referent data by the logistic model, was exp(0 1003) = 1-106 with 95%O CI (1 -104-1 179) for one unit of 1000 particle-years. The estimate obtained from the cohort study was exp(0-0926) = 1-097 with 95%, CI 1-044-1153. Thus for a man exposed to 17 500 particle-years during the 1940s, the expected risk that he died of COLD when he was over 50 years of age was 5-06 times higher than for a man who was exposed to less than 5000 particle-years during the same period. As all the miners who died of COLD were smokers, however, the RR for dust most likely applies to smokers only.
For both study designs the data have indicated that the combined effect of dust and smoking is more than additive. The RR model indicated that the combined effect of the two exposures may be closer to the multiplicative model than the additive model. For the case-referent data, the mixture parameter i. for the best fitting model was estimated to be 0-72 for the categorised data and 0-51 for the continuous data.
For the cohort data the parameter.A ranged from 0 6 to 1-0 for the best fitting models.
The results from the RR model are in line with the results presented in tables 2 and 3, which show that the RRs and SMRs for those who smoked for more than 20 years and had exposure to more than 10 000 particle-years, were substantially higher than would be expected from adding the individual effects. The figure shows that the increasing trend with dust for the age and year at risk adjusted SMRs was higher for the smoking categories 20-29 and ) 30. Only one miner died of COLD who did not smoke cigarettes. This miner was, however, a pipe smoker of four ounces of tobacco a week over 32 years.
The relative importance of each exposure is given by the estimates of the attributable risk due to each exposure. According to those estimates, about 5% of the cases were due to the effect of dust only, 34%O due to smoking only, and 59% due to the combined effect of dust and smoking. Thus tobacco smoking is more dangerous for workers exposed to silica dust than for unexposed people, as silica dust and tobacco smoking act synergistically in causation of obstructive lung disease.
Possible biases in this study may be related to the original selection criteria. One was a minimum of 10 years of underground exposure to gold mining. Thus miners who may have been potentially sensitive to dust, to the extent that they could die from COLD owing to the effect of dust only, may have retired from the dusty underground occupations earlier. Therefore, the healthy worker effect may be the reason why there were no deaths from COLD in those who smoked cigarettes for less than 10 years. The possibility that the cases of COLD were subjects who came for a benefit examination in 1970 was also considered. Of the 66 cases, 59%' came for a periodical examination and were still working in the mine at the time of the 1970 examination, 3% came for a periodical examination but were no longer working in the mine, 27%X came for a benefit examination (for compensation purposes) but were still working in the mine, and 11 % came for a benefit examination and were no longer working in the mine. Thus the distribution of the number of deaths from COLD was proportionately distributed according to the reasons for attending the medical examination.
In conclusion, it appears that dust on its own does not cause disability that results in death from COLD, but smoking on its own and the combined effect of dust and smoking are the main environmental risk factors for death from COLD in the present data. Tobacco smoking is more dangerous for miners exposed to silica dust than for other men, as the two exposures act synergistically in causing chronic obstructive disease of the lung. 
